Barley is an important coarse cereal, cultivated in Rabi season, particularly in the states of Uttar Pradesh, Rajasthan, Madhya Pradesh, Bihar, Punjab, Haryana, Himachal Pradesh and Jammu & Kashmir. Currently, it covers an area of about 0.66 million hectares under rainfed and irrigated crop. Seventy per cent produce is used for cattle and poultry feed, 25% in industries for manufacturing malt and malt extracts and rest 5% for human consumption. The straw is also used for animal feed, bedding and to cover roofs of houses. Barley grains demand is increasing continuously because of its various uses and high nutritive value. Therefore, a substantial yield gains will be needed over the next several decades. A number of biotic and abiotic factors pose a challenge to increase production of barley. Barley diseases prominently rusts, net blotch, spot blotch, Septoria speckled leaf blotch, stripe disease, powdery mildew, barley yellow dwarf and molya disease are the major biotic constraints in enhancing the barley grain production. Other diseases like black point and smuts, are important from industrial point of view because these deteriorate the quality of malt and beer. This review seeks to provide an overview of different barley diseases and their management.
Introduction
Barley (Hordeum vulgare L. ssp. vulgare, 2n=14) is a member of family Poaceae. It is grown in Rabi season, particularly in the states of Uttar Pradesh, Rajasthan, Madhya Pradesh, Bihar, Punjab, Haryana, Himachal Pradesh and Jammu & Kashmir. Barley is considered fourth largest cereal crop in the world after maize, rice and wheat with a share of 7 % of global cereal production. In 2017-18, 1.77 million tonnes of barley was produced in India from 0.66 million ha land area with productivity of 2679 kg/ha (eands.dacnet. nic.in). It is also known as poor man's crop because of its low input requirement and better adaptability to drought, salinity, alkalinity and marginal lands (Verma et al., 2012) . This cereal is adapted to dry areas characterized by erratic rain and poor soil fertility which are often described as low-input barley (LIB) production systems . Barley in India is mainly used as cattle and poultry feed followed by its utilization for malting and beverages. Only 5% of the total production is used for human consumption (Singh et al., 2016) . In addition, it is also consumed as energy drinks like bournvita, horlicks, and biscuits, prepared from malt extract. In rural areas of India, barley grains are used for preparing sattu and missi roti especially in the tribal areas of hills and plains (Verma et al., 2012) . Barley is categorized as hulled and hulless barley on the basis of grain type. In hulled barley the lemma and palea are fused to the pericarp whereas in hulless the chaff is easily separated from the grain (Manjunatha et al., 2007) . Hulless barley is mainly preferred as food for human consumption. Because of its multifarious utilities, nutritive value and ever-increasing Homepage: http://epubs.icar.org.in/ejournal/index.php/JWR industrial demand, a substantial yield gains will be needed over the next several decades. But, a number of biotic and abiotic stresses pose a challenge to increase the production of barley. Like the other cereals, barley also encounter different plant pathogens and succumb to various diseases which result in significant yield reduction and poor grain quality. Mathre (1997) (Singh, 2017) . In barley, the yield losses due to stripe disease were in the range of 20-70% during 1992-1993 (Kumar et al., 1998) . Net blotch is second biotic stress, which can lead to losses between 20 and 30%. The losses due to spot blotch and net blotch in barley in Haryana, India were 53% in case of susceptible cultivars (Singh, 2004) . The purpose of this review is to provide a brief summary of some of the major diseases impacting barley in India. This updated overview highlights the general importance of the diseases, brief symptomatology, epidemiology, pathogen biology and disease management strategies. (Chen et al., 1995) . Since then, the pathogen has spread throughout world. In India, first pathotype that infecting to barley, was identified in 1939 from Nilgiri hills, Tamil Nadu and designated as 4S0 (G). In India, early incidence of yellow rust can cause very heavy losses in the crop and can sometimes prevent the ear head emergence or the grain formation/development (Prakash and Verma, 2009 ). Yellow rust is principally a disease of barley in cooler climates (2-15°C), where the leaves are wet for prolonged periods (8-10 hours) and provide optimum conditions for infection. The pustules contain yellow to orange-yellow uredospores and form narrow stripes on the leaves (Fig. 1a ). The stripes continue to enlarge as the fungus is partially systemic. It may also develop on leaf sheaths, necks, and glumes. In conducive conditions (temperature 10-15°C, intermittent rain or dew), pustules erupt within 8-14 days after infection and freshly released uredospores become airborne which facilitate secondary infection and faster disease development (Prashar et al., 2015) . Black telia readily develop from uredia as infected barley plants approach maturity. The uredial and telial spore stages of P. striiformis f. sp. hordei occur on barley and various Hordeum species (Marshall and Sutton, 1995 (Das et al., 2007 ) . The uredia of P. hordei are small orange brown pustules, which are scattered mainly on the upper leaf surface but also on the lower side of leaf blades and on leaf sheaths of barley ( Fig. 1b ). These pustules may be surrounded by chlorotic halos or green islands. In case of severe infection under high inoculum load, symptoms may also appear on stems, glumes, and awns can also be infected. Later in the season, particularly on leaf sheaths but also on stems, heads, and leaf blades, blackish-brown telia are formed usually in stripes and covered by the epidermis (Park et al., 2015) . The uredial and telial spore stages of leaf rust pathogen occur on barley and various wild Hordeum spp., and the pycnial and aecial spore stages have been reported on alternate hosts of the Liliaceae family, such as Ornithogalum, Leopoldia, and Dipcadi (Clifford, 1985) . A temperature ranging from 20-25 ℃and prolonged wet weather are pre-requisite for faster spread of the disease. Under such conditions, new uredia are generally formed within 7 to 10 days after infection and the cycle of spore production is repeated. Steffenson, 1999) . Uredial pustules are linear, oblong, orange-yellow in colour and occur mostly on the leaf blades but occasionally occur also on leaf sheaths, peduncles and awns ( Fig. 1d ). Extensive chlorosis is generally associated with the uredia. Telial pustules are mostly linear, black to dark brown, and are covered by the host epidermis. The Barley crown rust has not been reported from India so far. , demonstrated that the two formae speciales (Pst and Psh) are different but closely related to each other. Line (2002) also observed that some wheat cultivars were very susceptible to Psh and some barley cultivars were very susceptible to Pst. In case of P. hordei, five isolates designated as H1, H2, H3, H4 and H5, are being maintained and used for characterising rust resistance in barley. Efforts are going on to design a system for race identification for brown rust of barley. Since, barley and wheat stem rust is caused by the same pathogen (Puccinia graminis f. sp. tritici), therefore, the pathotypes are also similar. Predominant pathotypes of Puccinia graminis tritici occurring on barley are same as those occurring on wheat in India.
The barley rusts

Pathotypes of barley rust pathogens: First pathotype of
Characterization of rust resistance in barley:
As the rust pathogens evolve to neutralize resistance, we must continue to explore the sources of resistance. Screening often must be done using virulent pathotypes identified in the pathogenicity survey. Each year, barley advance lines (NBDSN, EBDSN) are subjected to multi-pathotype breaks dormancy and begins to grow systemically within the developing barley plant. All floral parts of plant are infected at ear emergence and replaced by massive smut spores (teliospores). Disease spread by wind-blown teliospores from smutted ear to adjacent healthy flowering ears of barley. The teliospores germinate and invade the female parts of barley flowers and eventually colonise the developing embryo. Once the infected seed matures, the pathogen goes dormant until the cycle is repeated with the germination of barley seed. (Mathre, 1997) . The powdery mildew fungus is a biotrophic pathogen and unique in that it can infect barley without the presence of free moisture. In general, the disease is favoured by cool (15°C -25°C) and humid weather but can also occur in warmer, semiarid environments. Germ tubes from both conidia and ascospores can penetrate the host cuticle directly. The most diagnostic features of the disease are the pathogen signs. They initially appear as fuzzy, whitish tufts of fungal mycelium. Later, powdery or fluffy white pustules of conidial chains develop from the mycelium (Fig. 3 ). Mycelium and conidia may turn gray or even slightly brownish in color with age. Under severe epidemics, the entire spikes of plants can be infected with powdery mildew in addition to the leaves and leaf sheaths. Late in the growing season, the black, globose-shaped cleistothecia (the structure containing the sexual spores) of the fungus will form within the cottony masses of mycelium and conidia. The disease perpetuates on volunteers and grasses from one season to the next.
The barley smuts
Net Blotch: Net blotch is an important and destructive foliar disease of barley. The disease occurs in two forms: net form of net blotch (NFNB) and spot form of net blotch (SFNB). The fungi Pyrenophora teres Drechs. f. teres Smedeg. and Pyrenophora teres Drechs. f. maculata Smedeg., cause the net (NFNB) and spot form (SFNB) of net blotch of barley, respectively. Generally, only one of the two forms of net blotch will predominate in a given area and this is due to the cultivars grown and also perhaps due to management practices and environment. SFNB develops as small circular or elliptical dark brown spots surrounded by a chlorotic zone of varying width (Fig. 4a ). The diameter of SFNB spots varies from 3mm to 6mm. The net form of net blotch (NFNB) begins as pinpoint brown lesions, later on, elongate and produce fine, dark brown streaks along and across the leaf blades, forming a distinctive net-like pattern (Fig. 4b Steffenson, 1999) . The disease also affects test weight and kernel weight significantly. Symptoms vary depending upon the growth stage of barley. Lesions on leaves are initially mildly chlorotic, then become grey-green to straw coloured, elongated and often coalesce. On seedlings, lesions sometimes may not contain pycnidia. Necrotic blotches appear irregular and contain very small dot like dark brown pycnidia as the lesions become older (Fig.  4d) . The masses of pycnidia on areas killed by the fungus are diagnostic character of the disease and pycnidia often develop in lines parallel to veins. At heading stage, light grey to white rectangular lesions delimited by veins are produced. On mature plants, large grey spots with many pycnidia develop on senescent leaves and sheaths. Pycnidia may develop on the awns but rarely occur on grain (Green and Dickson 1957) . Lesions on the upper leaves and glumes significantly reduce photosynthetic activity of the plants as well as yield. The grains may become shrivelled and chaffy at harvest (Tekauz, 2003) . Hosts of Septoria passerinii include a number of Hordeum spp. and wild grasses. Infected plants residue on soil surface or below ground play a pivotal role in overseasoning of the pathogen. Inoculum is dispersed short distances by rain splash and infested straw which may move from one field to another by wind gusts. After crop maturity, new pycnidia developed between 15 and 30°C but only within existing lesions (Lutey and Fezer, 1960) . More than 48 h of continuous moisture may be required for spore germination and leaf infection. Additionally, the incubation period for Septoria passerinii is 19 days or longer and therefore, disease is important only in years when favourable conditions persist for long periods. Seasonal rainfall at or above the normal along with low temperatures that lengthened the vegetative phase of growth is associated with severe disease during this period (Green and Dickson 1957) .
Stripe disease: Stripe disease is caused by the fungus Drechslera graminea (Rabenh.) Shoemaker. The disease occurs only on barley. Unlike spot blotch and net blotch, the stripe disease produces a systemic infection that affects the whole plant. The first symptom of stripe disease is the appearance of small, pale lesions on seedling leaves. If severely infected seeds of a susceptible barley variety is sown, some of the seedlings may be killed by the stripe pathogen. The characteristic long, narrow and yellowish to straw coloured streaks or stripes appear on the leaves as they unfold. Parallel stripes, may extend the entire length of the blade. The light yellow streaks soon turn brown (Fig. 5 ).
Fig. 5 Barley stripe-initially yellow stripe, later on turn brown
The browning is usually followed by a drying-out and lengthwise splitting of the leaf blade. The streaks extend to the leaf sheath when the leaves are mature. Stripe-affected plants are severely stunted with few tillers and usually spike do not emerge or produce seed. The ears that do emerge are greyish brown, withered, twisted, often barren, and erect. Generally, all the leaves of a diseased plant are affected. Infected plants, shrivel and die prematurely. Large numbers of spores (conidia) of the stripe fungus are produced in the dark grey to olive grey stripes on dead barley leaves. These conidia are carried by air currents or splashing rain to the spikes of healthy barley plants at or soon after flowering. The conidia lodge near the tips of the glumes, germinate and produce mycelial growth in moist weather. The mycelium starts to grow between the hulls and the kernels and may penetrate the embryo. Infection can occur any time before the spike emergence at soft dough stage and under varying temperature and moisture conditions. The pathogen remains dormant as mycelium on or within the dry barley grains until the seed germinates. The stripe fungus then resumes active growth, progressing into the sheath surrounding the first seedling leaf, from that into the next leaf, and continuing until all of the leaves are infected. The spores of the stripe pathogen can remain alive for as long as 34 months. Seed transmission is high at soil temperatures below 12°C. The transmission is reduced or prevented when the temperature is above 15°C. (Smiley et al., 1992) .
Root and crown diseases
Because the fungus has a wide host range, therefore, its survival becomes very easy.
Common root rot and seedling blight: Common root rot is caused by Bipolaris sorokiniana (Sacc.) Shoemaker. The pathogen forms brown lesions on the roots and especially on the subcrown internode. These lesions can extend to the crown and leaf sheaths and eventually affected seedlings may killed. Under severe conditions, these lesions become almost black. This pathogen also causes spot blotch on the leaves and kernel blight or black point on seeds. Infected plants are stunted, with reduced tillering and reduced yield. White heads (spikes) can be formed, and heads contain fewer kernels that are small and shrivelled. This pathogen survives in the soil via thick-walled conidia, which can persist in the soil for many years. In most areas, soilborne inoculum from conidia is the primary source of infection. Infection is initiated from conidia in the soil. Conidia germinate in the presence of a host and can infect the emerging coleoptile or primary roots. The fungus can produce phytotoxins, which aid in the pathogenesis and colonization of the root. Seedborne inoculum can be important in more humid areas. The pathogen can survive on roots of grassy weeds and some dicots or on host debris.
Viral diseases
Barley yellow dwarf (BYD): Barley yellow dwarf is important virus disease of barley caused by Barley yellow dwarf virus (BYDV). Losses due to this disease can be 100% if infection of the crop occurs on early crop growth stage (Mathre, 1997) . BYDV infections cause leaf yellowing and stunting, initially confined to single plants scattered randomly in a field but later developing into distinct circular patches as secondary spread occurs (Fig. 6 ). 
Nematode diseases
Molya disease: Barley, like most other cereal crops, suffers from damage by parasitic nematodes. Cereal cyst nematode (Heterodera avenae Woll.), causing molya disease is a sedentary endoparasite that infects the roots of many crops belonging to family Poaceae including barley. Cereal cyst nematode (CCN) can cause substantial yield losses, particularly in north eastern Rajasthan and adjoining Haryana. Cereal cyst nematodes cause short branching and swelling (knots) on the roots of seedlings of wheat but do not cause distinctive root symptoms on barley, other than a bushier root system (Fig. 7) . Aboveground, the plants are severely stunted, usually with a patchy distribution and show symptoms of nutrient deficiency. Juveniles gain entry to the root, and females set up a feeding site in the vascular system of the root. The females become swollen, produce eggs and are transformed into cysts, which protrude through the roots. These cysts are white when young and then turn brown. The eggs are formed within the cyst and the cysts can survive for long periods of time and overwinter. Eggs hatch out the following season. H. avenae is widely distributed throughout the world. In addition, a new species was detected in Oregon in 2008, Heterodera filipjevi (Smiley et al., 2008) . Cysts can spread by the movement of soil with wind, transplants, shoes, tubers, machinery, harvesters, and so on. Cereal cyst nematodes have only one life cycle per year. However, each cyst contains several hundred eggs, so populations can increase rapidly on susceptible barley cultivars. The disease is reduced by rotation with a non-host for 1-2 years, including controlling grassy weeds.
In general, barley is more tolerant to cyst nematode than wheat or oats.
Management strategies of barley diseases
Disease management is best achieved by knowledge of the pathogens involved and manipulation of the interacting factors. Resistant varieties provide the easiest and most effective option to manage the major diseases. For effective disease management, it is important to use the integrated disease management practices that focus on the factors affecting disease.
Genetic resistance: The principle mechanism of control of the cereal rusts has been through the use of resistant cultivars. There are two types of genes that used for breeding disease resistant barley cultivars. The first is R-genes, these are pathogen race specific in their action, and effective at all plant growth stages. The second is called adult plant resistance genes (APR-genes) because resistance is functional only in adult plants. In contrast to most R-genes, the levels of resistance conferred by single APR-genes are only partial and allow considerable disease development (Ellis et al., 2014) . The agronomic lifespan of a resistant cultivar is about 4-5 years where an active breeding programme exists. For instance, barley stem rust has been managed successfully in the northern Great Plains of the U.S. and Canada due to deployment of the stem rust resistance gene Rpg1 in 1942. Since then, this gene has provided durable protection against this disease in widely grown barley cultivars. However, emergence of new races for this resistance gene resulted in some losses in late sown barley (Steffenson, 1992 (Hussain, 2015) .
Rotation and stubble management: Diseases such as spot-type net blotch and net-type net blotch, spot blotch, SSLB are stubble-borne. Crop rotation with a non-host crop will minimise initial inoculum levels for next season's crop. Cultural practices such as incorporating the crop residue into the soil or removing it completely by burning will reduce the abundance of the pathogen and the disease pressure. Molya disease is reduced by rotation with a nonhost for 1-2 years.
Green bridge management: Three major diseases, barley rusts, powdery mildew and barley yellow dwarf virus (BYDV), persist on living hosts. Barley rusts survive on barley volunteers, powdery mildew on barley volunteers and stubble and BYDV on cereal regrowth and perennial grasses. This is also most effective cultural technique for reducing the initial inoculum of many soilborne pathogens. A green bridge of self-sown barley leading into the cropping season provides host material for these diseases and the aphid vector of BYDV and increases the risk of their early onset. Removing this green bridge will greatly reduce the risk of early crop infection.
Seed health: The net-type net blotch (NTNB), loose smut and covered smut are seed-borne diseases. Sowing infected seed can introduce disease into a healthy crop. Therefore clean seed should be used wherever possible. Fungicide treatment can reduce the risk associated with sowing infected seed, particularly for smuts.
Fungicidal disease management: Fungicide seed dressings or fungicides applied in-furrow with fertiliser can be useful in disease protection or suppression of early seedling infection. The selection of fungicide should be determined by the target diseases. The purpose of foliar fungicide application in the crop is to delay disease development and to maintain green leaf area. It reduces disease impact on yield and grain quality. The cost effectiveness of foliar fungicide applications depends on disease severity, susceptibility of the variety, yield potential of the crop, grain quality outlook and the environment where the crop is growing. When susceptible varieties are grown in disease prone areas or high rainfall seasons, fungicide can be cost effective in reducing the disease impact where yield potential is over 2.0 t/ha. For controlling initial load of inoculums or under high incidence of barley rust diseases, fungicides belonging to triazole group such as Azoxystrobin 25% EC (Amistar), Bayleton 25%EC (Triadimefon), Difenoconazole 25% EC (Score), Propiconazole 25% EC (Tilt) and Tebuconazole 25% EC (Folicur) have been found effective at the rate of 0.1 per cent i.e. 1ml in 1litre of water (Bhardwaj et al., 2017) . Seed borne diseases particularly covered and loose smuts, can be managed effectively by seed treatment with Carboxin (Vitavax)/ or Carbendazim (Bavistin) @ 2.5 g/ kg seed for loose smut and Vitavax and Thiram (1:1)/ or Tebuconazole @1.5 g/kg seed for covered smut. Bayleton, Tilt and Folicur are broad spectrum fungicides, are also effective against foliar diseases like powdery mildew, spot blotch and net blotch besides of rusts (at the rate of 0.1 per cent).
Conclusions
Barley is affected by a number of airborne, seedborne and soilborne pathogens which causes various diseases and considerable loss to grain yield and quality. Among these, brown and yellow rusts, both type of net blotches, spot blotch, Septoria speckled leaf blotch, barley yellow dwarf and molya disease are important in Indian perspective. In general, barley diseases are best managed by adopting integrated disease management strategies. Growing resistant/tolerant cultivars with minimum number of chemical sprays are the best way to manage these diseases. However, It is difficult to manage the soilborne pathogens because of the lack of distinctive symptoms for identification and lack of soil-applied fungicides or nematicides that are effective or economic on a relatively low-value crop such as barley. Genetic resistance or tolerance to most of these generalized wide host range root rotting pathogens is also lacking. Thus, growers must rely on a number of cultural methods to manage these diseases.
